This paper analyzes the technical and economic possibilities of integrating distributed energy resources (DERs) and energy-storage systems (ESSs) into a virtual power plant (VPP) and operating them as a single power plant. The purpose of the study is to assess the economic efficiency of the VPP model, which is influenced by several factors such as energy price and energy production. Ten scenarios for the VPP were prepared on the basis of the installed capacities of a hydropower plant (HPP), rooftop solar photovoltaic (PV), and energy-storage system (ESS), as well as weather conditions, in Poland. On the basis of technical conditions, it was assumed that the maximum power capacity of the ESS equaled 1.5 MW. The economic efficiency analysis presented in this paper demonstrated that, in seven years, the VPP will achieve a positive value of the net present value (NPV) for a scenario with 0.5 MW battery storage and rainy summers. Furthermore, sensitivity analysis was conducted on price factors and DER production volume. The price variable had a major impact on the NPV value for all scenarios. The scenario with a 0.5 MW battery and typical summers was highly sensitive to all factors, and its sensitivity decreased as the ESS capacity grew from 0.5 to 1.5 MW.
Introduction
The idea of virtual organizations is a concept that was created in the 1980s with the development of information technology (IT). Terms such as virtual company, virtual enterprise, and virtual organization were introduced in works [1] [2] [3] . Then, a large body of the literature was mainly created in two categories, information and communication technology (ICT), and management. Because a virtual organization consists of different users or a virtual community located at spread sites, different issues can affect it. Therefore, virtual organization management must be studied from both the human and technical aspect. even microgrids [23] . In several, sensitivity analysis was conducted [17] [18] [19] , but only a few papers focused on VPP economic efficiency [24, 25] . Therefore, this paper fills the research gap on VPP economic efficiency.
NPV was used to assess the feasibility of various models of small-scale grid-connected microgrid deployment that consists of photovoltaics and an energy-storage system [23] . The analysis was conducted by considering the possible business models available in Indonesia. Results showed that the deployment of a small-scale microgrid equipped with modern control technologies for enabling microgrid services is not economically viable if only the net metering business model is considered. However, providing an incentive for utilizing renewable sources, such as in the feed-in tariff, considerably increased the NPV. In another paper [15] , the NPV was used for economic evaluation to choose the most beneficial investment of photovoltaic-distributed generation on the basis of the technical calculation of an optimal PV location and the capacity to reduce power losses. In other investigations, NPV was used to assess the feasibility of a combined heating and power unit coupled with a wind turbine at five locations, in China [20] , the feasibility of fuel treatment and bioenergy production by using a case study of ponderosa pine and mixed-conifer forests [21] , and the optimal storage sizing for a community composed of multiple houses and distributed solar generation [22] . The NPV method was also used to forecast PV subsidies per kWh, in China, with subsidies for 10 or 20 years, and initial investment subsidies [16] .
A sensitivity analysis was used to provide enough information to decide whether solar PV utilization is good for the grid or not, to find the most influential variable for economic parameters in the case of Indonesia [17] , and to understand parameters affecting investment in the case of a hybrid photovoltaic and battery energy-storage system for demand-side applications in Taiwan [18] . Sensitivity analysis was also carried out to investigate the effect of battery capacity on consumer dissatisfaction [19] .
In [24] , the net present value of economic efficiency was assessed from the perspectives of VPP service providers and power companies. The authors considered all benefits associated with the operation, as well as distribution and operation costs that are incurred only for distributing emergency generators in South Korea. In [25] , the authors compared the economic efficiency of integrating various flexibility technologies (e.g., DER) into a VPP by using the following criteria: expected operational revenue, conditional value at risk, and expected return of investment.
Financial Feasibility
There is decision conflict between engineers and businesspeople (managers and economists) related to the efficiency of implemented technologies. Engineers are usually interested in the technical feasibility of an investment, while managers take into consideration the economic aspects, which include financial, environmental, and social aspects. In the case of RES technology, a new investment is usually financially unprofitable unless the environmental and social aspects are included [19] [20] [21] or a subsidy is used [26, 27] . In this paper, we want to answer the question of whether RES technology is still unprofitable in Polish conditions.
In [26] , a techno-economic analysis for a solar PV prosumer of the residential sector in Sweden was conducted, and the results showed that the PV investor likely had a 71% chance for a 3% real return on investment, but this chance was decreased to 8% without subsidies. The author in [27] evaluated the potential of developing technically and economically feasible microgrids for selected customer categories, in California, and performed a sensitivity analysis. The results showed that the deployment of a microgrid was economically unprofitable for customers with peak loads below 1 MW, but it could be feasible if there is any external funding available. On the one hand, it was discovered that the higher capacity of the battery purchased by a consumer can decrease consumer dissatisfaction of appliance scheduling with respect to its average peak-period demand, but on the other hand, it could sustain a higher initial cost that is not economically feasible [19] . In the case of a combined heating and power (CHP) unit coupled with a wind turbine, the economic and environmental performance Energies 2019, 12, 4447 4 of 21 was evaluated. Results indicated that the used model is only economically feasible if environmental indicators are enclosed. Additionally, the feed-in tariff showed a significant impact on real-time operation strategies [20] . In [21] , economic evaluation was done on fuel treatment and bioenergy production using a case study of Colorado's wildland-urban interface. Nonmarket benefits, such as people's willingness to pay for better forest health, lower likelihood of wildfires, improved air quality, and expanded renewable-energy production were incorporated into the techno-economic analysis of biopower production. The results showed that nonmarket benefits associated with forest health, wildfire likelihood, and air quality significantly improved NPV.
Problem Statement

VPP Participants
In recent years, few amendments have been introduced to Polish legislation related to RES. According to these changes, it can be assumed that potential participants of a VPP could be renewable-energy sources, energy-storage systems, prosumers, energy producers in small RES installations, energy clusters, and energy cooperatives.
The prosumer is an energy end user with a general energy sales contract established with a selected energy seller, only producing electricity from renewable-energy sources in micro-installations with a capacity lower than 40 kW, and not using the generated energy for the needs of the prosumer's own business [28] .
According to Polish law [29] , energy-storage systems fulfil the role of supporting installations that generate electricity from RES. This is a beneficial situation to RES installations with capacities beyond 500 kW, which directly sell the produced energy on the market without the participation of obligated energy sellers.
The micro-installation owner uses the produced energy for the needs of their business, which has to be declared in the Regulated Activity Register because it is a regulated activity according to Polish law. The surplus of produced energy over the energy used for their own needs can be bought by any energy seller if the price and delivery conditions are accepted by both sides. They can settle their energy balance by using net metering, but switching to net metering means the loss of the right to energy certificates [30] .
An energy cluster is a civil-legal agreement that may include individuals, legal persons, scientific units, research institutes, or local government units. The cluster deals with the generation and balancing of energy demand, distribution, or trading from RES or from other sources within a distribution network with a rated voltage of less than 110 kV.
Energy cooperatives are associations whose purpose is to produce energy for their own needs and to sell possible surpluses to the network. The law on cooperatives determines their functioning, production volume, and the area of functioning for the members. Total energy production inside the cooperative is limited depending on the energy carrier: electricity (unit power up to 10 MWe), biogas (efficiency up to 40 million m 3 per year), and heat (heating power up to 30 MWc).
VPP Business Models
Since 1957, when the term "business model" (BM) was first used by Bellman, Clark, Malcolm, Craft, and Ricciardi, the business model became a kind of simplified and aggregated representation of the essential activities of a company. Numerous papers confirmed the importance of BMs in practice because they are related to ensuring and growing a competitive advantage, but only a few of them concern VPPs. A comprehensive analysis of different BMs and their components was conducted by Wirtz et al. in [31] , and Shafer et al. in [32] . These considerations resulted in a BM consisting of the following nine relevant components: (1) strategy, (2) resources, (3) network, (4) customer, (5) value proposition, (6) revenue, (7) service provision, (8) procurement, and (9) finances. The BM presented in [33] contained only resources, customers (residential), and value-stream transactions between participants. The case study was based on a micro virtual power plant (µVPP), a VPP unit that has all the necessary interfaces ready for vertical integration into a VPP, established in Malmo, Sweden. The µVPP is equipped with solar PV microgeneration, controllable loads such as electric vehicles and electric heat pumps, a scalable ESS, a home energy-management system, and other critical household appliances. It analyzed the following economic criteria: bill savings, VPP profit, ESS lifetime, and payback period.
In [34] , the authors focused on a value proposition for end users of DG units that they can enjoy if they formulate a VPP with the increased flexibility of controllable loads. In this study, data from a pilot VPP consisting of three different installations, in Greece, with a variety of DER sources and flexible loads were used. The authors analyzed one of the experimental business models within the European Distributed Energy Partnership (EU-DEEP) project, in which the impact of flexibility on load management was studied. The economic criteria that were analyzed were demand reduction and operation costs. The value added for the VPP was the reduction of requested energy from the grid.
Leisen et al. [35] focused on new sustainable business models in the energy sector, in Germany, but surveyed them in terms of their risk profile, especially concerning the risk of regulatory, market, and operational changes. They conducted extended case-study analysis for six new sustainable-energy business models built on clean-energy transition, liberalization, and digitization. One of the identified BMs was the VPP, with customers such as energy-sector players and commercial/industrial players devoid of households. They assumed that the VPP could participate in frequency regulation and reserve markets, and therefore the VPP faces many different market conditions and regulatory processes. The authors identified 23 risks, of which 11 are risks with high probability and financial impact.
In [36] , the authors performed a critical comparison of several VPPs in terms of BM, and pointed out both common and unique features for each model from the following countries: USA, Germany, Finland, Denmark, and Australia. The analysis included the following six components of business models: strategy, resources, network, customers, value propositions, and revenue. Two different types of DER portfolio in VPP were specified: (1) solid oxide fuel cells based on m-CHP that are used alone or with PV and (2) different RES connected together with energy-storage systems. Among RES, PVs are predominately used, but also wind turbines and biogas. Among customers to whom the value proposition is addressed are residential customers, municipalities, commercial and industrial customers, energy storage, and utility companies.
An in-depth analysis of the VPP BM in terms of using it under Polish conditions was conducted in [30] . The authors emphasized that the most important BM component is, on the one hand, the relationship between customers, clients, partners, and suppliers, and, on the other hand, resources that can be expanded and used (new customers and new dispersed energy sources), as well as potential sources of future economic benefits (new products, power market, and megawatts). A systemic approach that combines these elements was, therefore, chosen and the business model canvas proposed by Osterwalder and Pigneur [37] was used. This structure analyzes a company's business with the help of nine components that clearly describe the business model.
Local Conditions in Poland
In the case presented in this article, the VPP is the business separated from the organizational structure of Polish energy companies. A VPP business model could be perceived as a business independent from other services delivered by the analyzed enterprise. Each separated business model should be profitable, which means that the VPP should be self-financing, but it is not easy to achieve this in Polish conditions, which are presented in Section 4.3. It seems that the situation is similar in other countries. Therefore, investors look closely at the VPP business and analyze its profitability from the point of view of end users and energy organizations (e.g., energy utility companies) by using the cost-benefit analysis (CBA) method [24] or a modified NPV [33] . Actual Polish conditions and relations in the holding company were taken into account. Special assumptions were connected with the owners, and the level of asset depreciation belonging to the VPP and its financial sources, as well as accounting for principles of energy usage resources (including water generators).
Investigation of DER and ESS Impact on VPP Efficiency, a Case Study
Assumption of VPP Assets and Its Relation with Electricity-Market Cooperators (Partners)
The analyzed VPP is located in a real electricity-grid system. The typology of the investigated VPP is presented in Figure 1 . 
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The VPP is an autonomous business that is physically located in a Polish energy company with a typical organizational structure for a holding company. The company could be treated as a typical Polish energy corporation that generates electricity (mainly from RES) and heat, trades energy, participates in whole and local energy markets, transmits and distributes energy to consumers, is independent from electricity operators, and The main asset belonging to the VPP is an IT system that manages and optimizes processes such as the electricity storage coming from distributed independent sources (mainly from prosumers) and electricity trade. It needs additional services delivered by outside companies, e.g., by ICT operators, owners of price database, or data about weather forecasting. The effective work and simulations made by optimization algorithms embedded in the IT system need to be fed by the appropriate database, and the IT system needs access to a cloud that allows computing operations in a short amount of time. Costs come from these necessary IT services provided by outside (outsourced) firms. This fact was taken into consideration in financial assumptions.
Apart from IT assets, the VPP needs a worker, i.e., an IT system administrator. From the presented characteristics of the VPP assets and direct services comes the main direct cost of the VPP. Additionally, in the presented business model of the VPP, it was assumed that personalized advisors are employed. The number is dependent on the number of prosumers, and each advisor could cooperate with the maximum number of 50 prosumers.
The idea of the VPP is based on the physical cooperation with such partners as prosumers and other owners of renewable-energy sources, an independent distribution system operator (DSO), and an ESS owner. Figure 2 presents the main partners of the VPP, and the physical (energy) and financial streams between them. One of the energy-storage batteries (creating the ESS) and the The VPP is an autonomous business that is physically located in a Polish energy company with a typical organizational structure for a holding company. The company could be treated as a typical Polish energy corporation that generates electricity (mainly from RES) and heat, trades energy, participates in whole and local energy markets, transmits and distributes energy to consumers, is independent from electricity operators, and offers other energy services. The performed functions are in accordance with European Union (EU) regulations (e.g., unbundling principle/rule).
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The main asset belonging to the VPP is an IT system that manages and optimizes processes such as the electricity storage coming from distributed independent sources (mainly from prosumers) and electricity trade. It needs additional services delivered by outside companies, e.g., by ICT operators, owners of price database, or data about weather forecasting. The effective work and simulations made by optimization algorithms embedded in the IT system need to be fed by the appropriate database, and the IT system needs access to a cloud that allows computing operations in a short amount of time. Costs come from these necessary IT services provided by outside (outsourced) firms. This fact was taken into consideration in financial assumptions.
The idea of the VPP is based on the physical cooperation with such partners as prosumers and other owners of renewable-energy sources, an independent distribution system operator (DSO), and an ESS owner. Figure 2 presents the main partners of the VPP, and the physical (energy) and financial streams between them. One of the energy-storage batteries (creating the ESS) and the hydrogenerators belong to the energy company, but the VPP must partially contribute to their costs. ESS1 was cofunded from an EU fund. The other two energy-storage batteries (ESS2 and ESS3) were leased from an independent energy company. Costs depend on generator age and financial sources. The capacity of each energy-storage battery equals 0.5 MWh, and power totals 0.5 MW. It can be discharged to up to 90% of the maximum capacity, and the maximum number of cycles is 5000 for an 80% level of discharge. hydrogenerators belong to the energy company, but the VPP must partially contribute to their costs. ESS1 was cofunded from an EU fund. The other two energy-storage batteries (ESS2 and ESS3) were leased from an independent energy company. Costs depend on generator age and financial sources. The capacity of each energy-storage battery equals 0.5 MWh, and power totals 0.5 MW. It can be discharged to up to 90% of the maximum capacity, and the maximum number of cycles is 5000 for an 80% level of discharge. In the analyzed VPP business model, there are two kinds of independent producers (IP) who generate and provide electricity. This energy is purchased by the energy company and it is used to optimize the benefits of VPP activity. The first IP is a prosumer. For prosumer micro-installations, the role of power storage is played by the distribution network with the energy register received by the seller from the prosumer [38] . The second IP type is owners of micro-installations. It is an energy producer in a small installation whose technical role is similar to the prosumer's but, according to Polish legislation, the conditions of cooperation and the payment mechanism are completely different. The prosumer accounts for the delivered electricity with the obligatory seller (the energy company) in the discount system. This means that the prosumer only buys the surplus of consuming energy as compared with the produced energy by its micro-installation, or the energy company pays them if the prosumer consumes less than they produce. The period of calculation equals a one-year cycle. The energy company (DSO) takes some energy for free, and its value totals a percentage of the produced net energy (without auto-consumption by micro-installation) in a micro-installation that belongs to a prosumer. The percentage depends on the power of an installation and its type (e.g., micro-wind turbine, biomass generator, water generator, and PV installation), and it is defined in the In the analyzed VPP business model, there are two kinds of independent producers (IP) who generate and provide electricity. This energy is purchased by the energy company and it is used to optimize the benefits of VPP activity. The first IP is a prosumer. For prosumer micro-installations, the role of power storage is played by the distribution network with the energy register received by the seller from the prosumer [38] . The second IP type is owners of micro-installations. It is an energy producer in a small installation whose technical role is similar to the prosumer's but, according to Polish legislation, the conditions of cooperation and the payment mechanism are completely different. The prosumer accounts for the delivered electricity with the obligatory seller (the energy company) in the discount system. This means that the prosumer only buys the surplus of consuming energy as compared with the produced energy by its micro-installation, or the energy company pays them if the prosumer consumes less than they produce. The period of calculation equals a one-year cycle. The energy company (DSO) takes some energy for free, and its value totals a percentage of the produced net energy (without auto-consumption by micro-installation) in a micro-installation that belongs to a prosumer. The percentage depends on the power of an installation and its type (e.g., micro-wind turbine, biomass generator, water generator, and PV installation), and it is defined in the Polish Renewable Energy Sources Act. For the surplus of produced energy above the prosumer's needs and introduced into the network, the DSO gives the prosumer a discount in the provided energy in the proportion from 1 to 0.7 (or from 1 to 0.8 for micro-installations of no more than 10 kW of power), i.e., the prosumer "gives" 70% or 80% of the received energy. It is a similar solution to the barter trade system. On the basis of this legislation, it was assumed in the presented VPP model that 20% of net electricity production is provided to the VPP for free ( Figure 2 ). A similar solution was proposed for cooperation with a micro-installation owner, but according to an interview with energy-company employers, the calculated discount was 10%. This part of energy is sold by the VPP in real time on the wholesale market (POLPX). Of course, a more complex VPP business model could take into consideration other options, and it links energy production in micro-installations with a more elaborate ESS, including batteries and/or prosumers' electric cars. However, this solution is unlikely in Poland in a wide range and without any additional government-support programs.
The energy generated by the HPP belonging to the energy company is dedicated to the VPP. Thus, the VPP has all the HPP power at its disposal. The energy company before this act underwent complex renovation of its water turbines and automatic control system, which is now compatible with the VPP's IT system. The HPP modernization was made with EU funds. Nowadays, the HPP has a regulation function in the local electricity system, and energy generated by the HPP.
The produced energy in the HPP is distributed to energy consumers joined to the local electricity-distribution grid belonging to the DSO. After moving energy produced in the HPP to the VPP, the energy company should cover this demand from other sources, but this issue is not the topic of this article. Notably that the average electricity production coming from the HPP's turbines is equal to about 950 prosumers having a PV installation of average power that equals 5 kWp in the analyzed area.
The batteries (ESS) are charged by the HPP. Available historical data on the energy company (from 2008 to 2018) confirm that this solution is realistic. Only in one year was the total annual electricity production by the HPP about 1300 MWh, while in other years it was more than 2400 MWh. Therefore, there could be a problem with charging the third battery from this source during the dry seasons (e.g., in summer). On the basis of the data, the probability of this random event is 10%. Streams marked red in Figure 2 illustrate this optional situation.
The final partner of the VPP is the Polish Power Exchange (POLPX) as the main consumer.
VPP Decision Model
On the basis of the accessed RES (the HPP and PV micro-installations belonging to the IP), the main aim of the VPP is to maximize profit while taking into consideration technological and technical constraints and accessed storage power. Profit is defined as an additional benefit coming from the possibilities of selling energy when the price is the highest on the market (in peak-up hours) and buying energy when the price is the lowest (in low-price hours). The ESS allows energy storage and the shift of consumption in relation to its production. The IT system of the VPP supports this procedure and achieves a result close to the optimal situation on the market. In this case study, profit maximization means maximizing Formula (1) .
where:
Energies 2019, 12, 4447 9 of 21 P maxj is the maximum price on POLPX during j day; P minj is the minimum price on POLPX during j day; Q ESSt is the energy amount coming from the ESS that is sold on t hour in j day when market price is the highest; Q ESSt -n is theenergy amount charging the battery storage on t-n hour in j day when market price is the lowest; t is the hour in a day j; j is the day in a year; m is thenumber of days in a year.
The daily-price function is characterized by two peak hours and two low hours. Thus, there are two P max as the local extremes on the daily-price function on POLPX. One of the P Max was higher than the other; an analogous situation is the case with P Min . This justifies discharging the ESS twice a day when prices reach the local extreme and charging the ESS twice a day when prices are the lowest.
Efficiency is calculated by using the modified NPV method according to Formulae (2) and (3).
I Ex is the investment expenditure; F EU is the grant from EU fund; CFi is the cash flow in i year; r is the discount rate; TR HPP is the total revenue coming from energy sold in real time that was produced in the HPP and not used for charging ESS; TR ESS is the total revenue coming from energy sold from ESS; TR IP is the total revenue coming from IP micro-installations; TR P is the total revenue coming from prosumers micro-installations TC HPP is the total VPP cost (taxes, operational costs); TC VPP is the total VPP cost (IT administrator wages, ICT services, database, and amortization); TC ESS is the total ESS cost (leasing cost of ESS1 and ESS2); A VPP is the VPP amortization calculated only for non-cofunded volume of investment expenditure; TC POLPX is the cost of buying energy from POLPX to charge ESS3 (only in scenario 10 (S10)).
Each revenue was calculated separately for workdays (usually from Monday to Friday), and for free days (usually Saturday, Sunday, and holidays). For each type of day, total revenue is the sum of revenue in peak and nonpeak hours. Additionally, TR IP and TR P depend on the free quota (amount) of energy that a prosumer and an IP give to the energy company for free. This trade aspect is described in Section 4.1 and presented in Figure 2 . Formulas (4) and (5) show how TR IP and TR IP are calculated .
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P ij is the average price on POLPX in days and j hours; QPV i,j is the net production from micro-installation belonging to IP (Formula 4) or prosumer (Formula 5); N IP is the number of IPs; N P is the number of prosumers; w is the type of day (work or free day); h is the type of hour in i day (peak or nonpeak hours).
In terms of the presented case study, revenue coming from electricity sold on POLPX is compared with the expenditure that is mainly connected with operational activities that equal VPP operational costs and the cost of batteries. In this case study, the energy company bears only part of the investment expenditure because VPP investment was cofunded by the EU grant. From the point of view of cash flow, this procedure is more complicated. It means that the company bears all investment costs and, later, part of the eligible expenditure is returned as the grant from the EU fund. These reimbursed expenditures are calculated according to account regulations as other types of revenue in financial statements. Figure 3 presents a simple VPP decision model to calculate the NPV. The most important factors influencing NPV (revenue, cost) are electricity price, number of IPs, weather (dry or sunny summer), and ESS charging and discharging. The VPP could only influence ESS work and acquire new IPs (prosumers and owners of micro-installations). It is possible to diversify the sales market, but in the presented simple model there is only one market segment, POLPX. The presented decision model is linked with a short-run decision, but NPV calculation is The most important factors influencing NPV (revenue, cost) are electricity price, number of IPs, weather (dry or sunny summer), and ESS charging and discharging. The VPP could only influence ESS work and acquire new IPs (prosumers and owners of micro-installations). It is possible to diversify the sales market, but in the presented simple model there is only one market segment, POLPX. The presented decision model is linked with a short-run decision, but NPV calculation is made on the basis of a long-run assumption. Error of the embedded mathematical algorithm in the VPP IT system, which makes short-run decisions, has a significant influence on the financial result of the VPP over a long period of time. The decision process connected with charging and discharging the ESS (Figure 4 ) is complementary to the main decision process of the VPP. Additionally, there is the possibility of charging the battery with energy coming from micro-installations belonging to the IPs (Figure 4 ). In the presented VPP model, it was assumed that the financial cost of charging the battery by its own source equals zero (null). In terms of the economic analysis, to maximize Formula (1) before the battery-charging process by its own source, the decision maker (in the case of the VPP, the decision maker is the IT system) has to compare the price forecast in t-n time and in t time. If the difference is the maximum, the battery should charge for one hour; n is one hour because the battery needs one hour to be charged. To achieve Formula (1), the VPP must have a daily forecast of market prices ("forecast data" in Figure 4 ) and choose the hour during which the forecast price is the lowest. In reality, the battery is charged if the difference is positive. Otherwise, the generated energy in its own source should be sold in real time (Figure 4 ).
Assumptions, Conditions, and Scenarios
In this paper, ten scenarios were taken into consideration. The differentiating factors are weather conditions and the number of batteries and all scenarios are presented in Table 1 . Table 1 . Scenarios according to weather and number of batteries in the energy-storage system (ESS).
Weather factor ESS1 ESS1 and ESS2 ESS1, ESS2, and ESS3 Typical summer
Scenario 1 (S1) Scenario 2 (S2) Scenario 3 (S3) Rainy summer Scenario 4 (S4) Scenario 5 (S5) Scenario 6 (S6) Dry and sunny summer Scenario 7 (S7) Scenario 8 (S8) Scenario 9 (S9) Extremely dry summer --Scenario 10 (S10) In the presented VPP model, it was assumed that the financial cost of charging the battery by its own source equals zero (null). In terms of the economic analysis, to maximize Formula (1) before the battery-charging process by its own source, the decision maker (in the case of the VPP, the decision maker is the IT system) has to compare the price forecast in t-n time and in t time. If the difference is the maximum, the battery should charge for one hour; n is one hour because the battery needs one hour to be charged. To achieve Formula (1), the VPP must have a daily forecast of market prices ("forecast data" in Figure 4 ) and choose the hour during which the forecast price is the lowest. In reality, the battery is charged if the difference is positive. Otherwise, the generated energy in its own source should be sold in real time (Figure 4 ).
Assumptions, Conditions, and Scenarios
In this paper, ten scenarios were taken into consideration. The differentiating factors are weather conditions and the number of batteries and all scenarios are presented in Table 1 . Revenue is mainly dependent on the following:
• energy production in the HPP, which is a result of water level, which, in turn, depends on average rainfall in a year; • market price on POLPX.
Some assumptions are common in each scenario ( Table 2 ). They are connected with cost, revenue, rates, and expenditure. Scenarios based on statistical data for the HPP are as follows:
• S1, S2, and S3 have net energy production equaling average arithmetic production for the analyzed historical period; • S4, S5, and S6 have energy production equaling average arithmetic production plus standard deviation for the analyzed historical period; • S7, S8, and S9 have energy production equaling average arithmetic production minus standard deviation for the analyzed historical period; and • S10 have energy production equaling average arithmetic production minus standard deviation for the analyzed historical period without the possibilities of charging ESS3 in the HPP. Production percentage from PV micro-installations sold on free days (holidays, weekends) 32%
Production percentage from PV micro-installations sold on workdays 68%
NPV Calculation Results for Particular Scenarios
On the basis of the presented assumptions, the results of financial simulations are presented in Figure 5 . For each scenario, the NPV reached a negative value. The best result was for scenario 4 (with one battery and in years with rainy summers) and scenario 10 was the worst. It is more efficient to charge a battery with its own depreciated source (HPP) than the outsourced battery with leasing fees. Despite cofunding the investment and the modernization of assets by the EU grant, the investment was inefficient from the financial point of view of the assumed conditions and marketing strategy.
On the basis of the presented assumptions, the results of financial simulations are presented in Figure 5 . For each scenario, the NPV reached a negative value. The best result was for scenario 4 (with one battery and in years with rainy summers) and scenario 10 was the worst. It is more efficient to charge a battery with its own depreciated source (HPP) than the outsourced battery with leasing fees. Despite cofunding the investment and the modernization of assets by the EU grant, the investment was inefficient from the financial point of view of the assumed conditions and marketing strategy. 
Break-Even Point
The BEP stipulates how many prosumers should be joined to the distribution grids to cover the total cost of the VPP by revenue. In terms of the BEP, typical scenarios were taken into consideration, i.e., S1, S2, and S3. Calculations were made for three options of energy prices. in 2019. They are the forecast price according to assumptions presented in Table 2 , according to Formula (6):
where QPVIP is the annual net energy production by IP micro-installations and QPVP is the annual net energy production by prosumer micro-installations. The first price (PF1) equals 222 PLN/MWh, which was 14% lower than the average weighted price in the peak hours on POLPX. This price was used for the simulations to calculate the revenue of the generated energy in the PV micro-installations. The second price (PF2) totals 210 PLN/MWh, and the third price (PF3) was 152.2 PLN/MWh as the forecast price in the nonpeak hours on POLPX in 2019. Calculations were prepared for two suboptions. The first was that only prosumers (with average PV power totaling 5 kWp) participate in the VPP. The second was that only PV micro-installation owners (with average net PV power equal to 100 kWp) participate in the VPP. The results are presented in Table 3 . 0 Scenario S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 
where Q PVIP is the annual net energy production by IP micro-installations and Q PVP is the annual net energy production by prosumer micro-installations. The first price (P F1 ) equals 222 PLN/MWh, which was 14% lower than the average weighted price in the peak hours on POLPX. This price was used for the simulations to calculate the revenue of the generated energy in the PV micro-installations. The second price (P F2 ) totals 210 PLN/MWh, and the third price (P F3 ) was 152.2 PLN/MWh as the forecast price in the nonpeak hours on POLPX in 2019. Calculations were prepared for two suboptions. The first was that only prosumers (with average PV power totaling 5 kWp) participate in the VPP. The second was that only PV micro-installation owners (with average net PV power equal to 100 kWp) participate in the VPP. The results are presented in Table 3 . The IT platform can provide a service to 100,000 IPs. However, taking into account its technical limitations, it is only possible to connect about 1000 IPs. Therefore, scenario three is not feasible because it is impossible to connect more IPs without additional investment in the grids. In scenario two, with a maximal power of 1 MW, profits could be achieved if the number of prosumers exceeded 7150 or if the number of IPs exceeded 1092. Taking into consideration the assumptions that are presented in Table 2 , the BEP for S2 was not achieved.
Sensitity Analysis
Sensitivity analysis was carried out in relation to changes of energy production in the HPP, energy production in PV micro-installations, and wholesale market price (POLPX, including the difference between price in peak and nonpeak hours). It was used to estimate the influence of variables (mentioned above) on the NPV. Estimation of the elasticity index (E NPV/x ) was made on the basis of Formula (7) , where x is the independent variable, and NPV is the dependent variable.
The rate of change of each independent variable was 10%. Elasticity of was separately calculated for each scenario, namely, S1, S2, and S3. Additionally, the price-elasticity index was estimated for S10. The NPV output values are shown in Table 4 . The NPV output value is the simulation effect when independent variables increase by 10%. Table 5 presents elasticity indices for each variable and the analyzed scenarios. If the analyzed independent variables increase by 10% in relation to basic volume of this variable (x B ), new calculated NPVs are higher (Table 4 ) than the base NPVs for S1, S2, S3, and S10, as presented in Figure 5 .
In each scenario, the NPV was most sensitive to difference changes between price in peak and nonpeak hours, and least sensitive when the HPP energy production changed. Generally, the influence of price-variable changes on the NPV was stronger than production changes. Sensitivity decreased if the next battery was added to the VPP because battery ESS1 did not have an amortization cost and it was charged by energy coming from HPP (S1). The second storage battery (ESS2) was also charged by energy coming from HPP (average HPP cost is lower than that in S1), but the operational cost of ESS was higher because the energy company spent leasing fees for ESS2 usage. The costliest was usage of the third battery (ESS3) because the energy had to be bought on POLPX, so the average cost of HPP was not decreased, and the energy company spent leasing fees for the usage of ESS2 and ESS3.
Discussion
In this situation, there are four interesting questions that were the inspiration for the next estimations which include:
•
What happens if the forecast period is longer? • What happens if more IPs are joined to grids in the first year of the forecast, e.g., 1000 prosumers in each year? • What is the NPV if the number of micro-installation owners with a PV net power of 100 kWp is 1.000 in each year? • What is the NPV if the available ESS increased its maximum power capacity from 0.5 to 1 MW, it belonged to the energy company, and was cofunded?
The appropriate simulations are presented in Figures 6-8 . A longer period of forecasting gives better results ( Figure 6 ), but there is the threat that the battery could have worse effectiveness because its lifecycle is five years. The NPV is positive if there is 0.5 MW of battery and it is a rainy summer (S4). More aggressive marketing actions for potential prosumers (households) give a slightly better NPV value (Figure 7) , but a longer forecast period follows a higher NPV because the VPP is depreciated over the course of five years, and the amortization cost in the sixth and seventh year totals to null.
A large number of micro-installations with a net power of 100 kWp were taken into consideration. In this situation, financial effectiveness was satisfied (Figure 8 ). Negative NPV values were only achieved if two batteries were leased. Thus, more active marketing addressing micro-installation owners is recommended. More aggressive marketing actions for potential prosumers (households) give a slightly better NPV value (Figure 7) , but a longer forecast period follows a higher NPV because the VPP is depreciated over the course of five years, and the amortization cost in the sixth and seventh year totals to null.
-8,746 -10,000 S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 0 Scenario S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 A large number of micro-installations with a net power of 100 kWp were taken into consideration. In this situation, financial effectiveness was satisfied (Figure 8 ). Negative NPV values were only achieved if two batteries were leased. Thus, more active marketing addressing microinstallation owners is recommended. Scenario S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 -610 135 -1,365 -1,500 -1,000 -500 0 500 Scenario S11_1 S11_2 S11_3 The answer to the last, but not least important, question ( Figure 9 ) creates three scenarios if battery capacity is 1 MWh, power is 1 MW, and it belongs to the energy company, cofunded by the EU grant. Scenario S11_1 is for typical weather conditions, S11_2 for a year with rainy summer, and S11_3 for a dry and sunny one. The NPV results were much better than those in analogous scenarios S2, S5, and S8, respectively. A large number of micro-installations with a net power of 100 kWp were taken into consideration. In this situation, financial effectiveness was satisfied (Figure 8 ). Negative NPV values were only achieved if two batteries were leased. Thus, more active marketing addressing microinstallation owners is recommended. The answer to the last, but not least important, question ( Figure 9 ) creates three scenarios if battery capacity is 1 MWh, power is 1 MW, and it belongs to the energy company, cofunded by the EU grant. Scenario S11_1 is for typical weather conditions, S11_2 for a year with rainy summer, and S11_3 for a dry and sunny one. The NPV results were much better than those in analogous scenarios S2, S5, and S8, respectively.
Conclusions
The results of the presented economic efficiency analysis demonstrated that the VPP reaches a negative NPV value for a forecasting period that is equal to give years. However, keeping the number of prosumers at 1000, and number of micro-installation owners at 20, the VPP reaches a positive NPV value in the forecasting period that is only equal to seven years for scenario four (with 0.5 MW battery and rainy summers). This fact confirms the need to cofund this kind of investment by public grants if the VPP business model is not more sophisticated than it is in the presented paper. However, increasing the number of micro-installations with the net power equal to 100 kWp gives positive NPV results for the majority of scenarios.
The VPP reaches the break-even point if 1895 prosumers with rooftop solar PV of 5 kWp or 220 micro-installation owners of 100 kWp PV join the VPP. If the ESS belonging to the VPP increases the -610 135 -1,365 -1,500 -1,000 -500 0 500 Scenario S11_1 S11_2 S11_3 Figure 9 . NPV if available maximum ESS power capacity is 1 MW, and ESS belongs to the energy company and is cofunded by EU grant.
The VPP reaches the break-even point if 1895 prosumers with rooftop solar PV of 5 kWp or 220 micro-installation owners of 100 kWp PV join the VPP. If the ESS belonging to the VPP increases the maximum power capacity to 1 MW, reaching the BEP requires 6441 prosumers or 747 micro-installation owners. Of course, if the VPP is not cofunded, the number of micro-installations should be greater, and technical conditions have to again be analyzed. It could be needed to invest in grids. Promotion actions could be more active among households and businesspeople who are potential micro-installation owners. The changed VPP business model, e.g., offering more products or services to IPs, should improve the financial effect.
Scenario one is characterized by major sensitivity that decreased with growing ESS capacity (S2 and S3). The HPP production variable is characterized by minor sensitivity, and the price variable had significant impact on the NPV (for S1, elasticity is equal to 4.4) . This means that a 10% change in the price variable for S1 caused a 44% change in the NPV. Price elasticity for S10 was the lowest and was equal to 2.5% if prices increased by 10%. In the case of the difference between prices in peak and nonpeak hours, sensitivity decreased with the increase of battery capacity, and the lowest was for S10 with two leasing batteries (ESS3). The sensitivity value for S10 was ten times lower than that for S1 with a lower ESS capacity.
Future research should focus on two aspects. First, analysis of more sophisticated VPP business models, e.g., including more service offers for potential prosumers and additional benefits coming from motivating programs of energy consumption during the day. In this situation, it is recommended to install storage batteries by prosumers, for example, electric cars. Secondly, analysis investigating the economic and ecological effects of VPP by using the BCA. 
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